The mouse major urinary proteins (MUPs) are an ensemble of isoforms secreted by adult male mice and involved in sexual olfactory communication. MUPs belong to the lipocalin superfamily, whose conserved structure is a ␤-barrel made of eight antiparallel ␤-strands forming a hydrophobic pocket that accommodates small organic molecules. A detailed knowledge of the molecular mechanism associated to the binding of those molecules can guide protein engineering to devise mutated proteins where the ligand specificity, binding affinity, and release rate can be modulated. Proteins with such peculiar properties may have interesting biotechnological applications for pest control, as well as in food and cosmetic industries. In this work, we demonstrate that the fluorescent molecule 2-naphthol binds to the natural ligand's binding site of MUPs with high affinity. In addition, we show that 2-naphthol binds to MUPs in its protonated form, that its fluorescence is blue-shifted, and the quantum yield is increased, thus confirming the high hydrophobicity of the protein pocket and the absence of proton acceptors inside the binding site. At large the results presented, besides demonstrating that the use of 2-naphthol provides a convenient and quick method for testing MUPs binding activity and to ascertain the quality of the protein preparation, suggest that MUPs can represent an interesting system for studying the photophysical characteristics of fluorescent molecules in a highly hydrophobic environment.
Lipocalins constitute a large superfamily of proteins that share a common ␤-barrel scaffold made of eight antiparallel ␤-strands and are able to accommodate small organic molecules (1) . During evolution, lipocalins diverged considerably as to their functional role, but the ability to bind small hydrophobic molecules has been largely conserved. Interestingly, in some cases, the hydrophobic ligands are significant for chemical senses. In fact, examples of these proteins are the odorant binding proteins (OBP), 2 present in the nasal secretions of most mammals and thought to act as carriers of odorants (2) , and the major urinary protein complex (MUPs), an ensemble of several isoforms present in male house mouse (Mus Musculus) urine, that play a role in sexual communication among conspecifics (3) .
We became interested in MUPs because they have remarkable effects among rodents, being able, for example, to accelerate puberty (3) and influence mating (4 -7) . They also act as carriers for volatile compounds that, possibly, can influence the animals' behavior (8 -10) . The natural ligands are, among others, dehydroexo-brevicomin, 2-sec-butylthiazoline, 4-ethylphenol, and p-toluidine (11) (12) (13) . In addition, the proteins themselves have been suggested to trigger hormonal re-sponses upon binding to specific receptors located in the vomeronasal organ (14, 15) .
So far, the binding of hydrophobic ligands to MUPs has been studied using radioactive ligands, either directly or by competitive displacement (12) . To bypass the inconvenience of radioactivity we have been prompted to exploit the fluorescence properties of 2-naphthol. The fluorescence emission spectrum of 2-naphthol in buffer, at pH 7, is characterized by two well-resolved bands: an intense one, due to the emission of the protonated form (NaphOH), with the maximum centered at 350 nm, and a weak and broader one, due to the emission of the dissociated form, generated in the excited state (NaphO Ϫ *), and centered at about 420 nm (16 -18) .
Indeed, taking advantage of those two fluorescence bands we are able to describe the binding of 2-naphthol to MUPs in terms of dissociation constant, specificity, and stoichiometry. We also show that MUPs can represent a unique system for studying the photophysical properties of fluorescence molecules in hydrophobic environments of some biological relevance.
MATERIALS AND METHODS

Chemicals
2-Naphthol was obtained from Sigma (St. Louis, MO; N-1250) and used without further purification. All other chemicals were of spectroscopic purity.
Protein Preparation
MUPs were purified as already described (13) and their concentration has been determined spectrophotometrically using the molar extinction coefficient at 276 nm, ⑀ 276 ϭ 11450 cm Ϫ1 M Ϫ1 (13) .
Fluorescence Studies
The protein concentration was 24 M. A 1 mM stock solution of 2-naphthol was prepared in ethanol, kept in the dark at 4°C, and diluted for each experiments to a final concentration of 25 M.
All experiments were performed in 10 mM phosphate buffer at pH 7.2 and 25°C.
Fluorescence spectra were recorded using a PerkinElmer MPF44A spectrofluorimeter equipped with a temperature-controlled cell holder. The excitation wavelength was set to 330 nm and the emission spectra were recorded in the range 290 -500 nm. Excitation and emission slits were set to 4 nm bandpass. Fluorescence cells were 1 cm in pathlength. Absorbance was recorded using a Kontron 820 UV-Vis spectrophotometer using 2 nm bandpass slits.
Emission spectra were corrected for Rayleigh and Raman scattering before processing. Corrections were also made for the inner filter effect and for dilution (19) .
Fluorescence Titrations
In the inverse titration, a solution containing 25 M 2-naphthol and 24 M MUPs was placed in a cuvette and then serially diluted by adding aliquots of a 25 M solution of 2-naphthol. Blanks were prepared by adding buffer instead of 2-naphthol.
In the direct titration, 3 ml of a 24 M MUPs solution was placed in a cuvette and aliquots of a 1 mM 2-naphthol stock solution were added.
Competitive Binding Experiments
2-Isobutyl-3-methoxypyrazine (iBMP), a substance known to bind to MUPs (12) , was used to displace 2-naphthol from the binding site. The iBMP stock solution was 0.7 mM in water. No corrections were made for the iBMP intrinsic fluorescence and absorbance.
Fluorescence Quenching Experiments
Quenching experiments were performed with the addition of aliquots of a 2 M stock solution of either acrylamide or potassium iodide (KI). The quencher solutions were freshly prepared before the experiments.
Fluorescence Anisotropy Experiments
The excitation was set to 330 nm and the emission was scanned in the range 335-500 nm. Four spectra were recorded, I VV , I VH , I HH , and I HV and, after blank subtraction they were combined to obtain the static anisotropy (r) using the following equation:
RESULTS AND DISCUSSION
The photochemical behavior of 2-naphthol depends upon its capability to possess two distinct pK a s for the phenolic group: pK a ϭ 9.5 in the ground state and pK* a ϭ 2.8 in the excited state.
In ethanol, in the absence of proton acceptors, only a major fluorescence band, centered at 350 nm and due to NaphOH, is present (18) (dashed line in Fig. 1 ). At variance, in buffer at pH 7.2, two bands are detected (solid line in Fig. 1 ) indicating that 2-naphthol, when in the excited state and in the presence of proton acceptors, because of the net decrease of its pK a can dissociate. Therefore since the emission at 350 nm is the fluorescence of the undissociated NaphOH and the one centered at 420 nm is due to the molecules that dissociate in the excited state, NaphO Ϫ * (17), we can expect that the overall shape of the emission spectrum will be influenced by any process that can alter the dissociation equilibrium NaphOH*/NaphO Ϫ *. The result of the inverse titration is reported in Fig.  2 and it shows that, at decreasing MUPs concentration, the fluorescence emission at 350 nm decreases while it increases the one at 420 nm. This observation suggests that MUPs induce a shift of the NaphOH*/NaphO Ϫ * equilibrium toward the protonated form, therefore supporting the hypothesis that the bound 2-naphthol cannot dissociate. Based on these considerations, we can infer that, in the presence of MUPs, the band at 420 nm, due to the emission of the dissociated 2-naphthol, originates only from the unbound fluorescent molecule in solution.
2-Naphthol Binding Specificity
In order to ascertain that 2-naphthol not only interacts with the protein but also binds inside MUPs' hydrophobic pocket, fluorescence experiments were carried out using acrylamide and KI as quenchers and iBMP as a competitor for the binding. In addition, we measured the ligand fluorescence anisotropy.
The Stern-Volmer plot derived from acrylamide quenching experiments, Fig. 3A , shows that, whether 2-naphthol is in the presence of MUPs or not, the extent of quenching of the 420 nm emission does not change. On the other hand, the fluorescence quenching of the emission at 350 nm, in the presence of MUPs, is clearly reduced as compared to the one measured in the absence of the protein. We can conclude, therefore, that the species NaphO Ϫ *, responsible for the emission at 420 nm, is always accessible to the quencher. Instead, the reduced sensitivity to the quencher exhibited by the fluorescence emission at 350 nm in the presence of the protein indicates that NaphOH is partially screened. Indeed, these results support the hypothesis that 2-naphthol, when bound, is buried inside the protein pocket and less accessible to the quencher. In Fig. 3B are reported the data obtained using KI as a quencher. Similar to acrylamide, the efficiency of the quenching at 350 nm is reduced when MUPs is present, thus confirming the hypothesis that 2-naphthol is buried, in its protonated form, inside the protein cavity. We believe that the general lower efficiency of the quenching at 420 nm, exhibited by KI with respect to the one observed for acrylamide, is the result of the electrostatic repulsion between the negatively charged quencher and either NaphO Ϫ or the protein surface. The nonlinearity of the Stern-Volmer plot at 420 nm, on the other hand, may be due to the complex equilibrium among NaphOH*, NaphO Ϫ *, and the quenched species. Finally, the downward curvature displayed by the results of the quenching experiments at 350 nm, in the presence of MUPs, is expected to originate from either the diverse quenching constant or the difference in the fluorescence lifetime of 2-naphthol in the bound and free state.
The polarization experiments show that, while in the absence of the protein the fluorescence anisotropy is constant, being about zero throughout the spectroscopic range (open circles in Fig. 4) , in the presence of MUPs, the anisotropy associated to the emission band at 350 nm is greater than the anisotropy associated to the band at 420 nm (filled squares in Fig. 4) . With respect to these experiments, it is worthwhile to point out that the scattering of the data is due to the low intensity of the difference spectra of bound 2-naphthol and that the anisotropy increase, observed below 340 nm, both in the presence and in the absence of MUPs, is the result of Rayleigh scattering.
Displacement experiments were performed using iBMP, known to bind inside the MUPs hydrophobic pocket (12) , and the results are reported in Fig. 5 . By increasing the concentration of iBMP we observe a progressive enhancement of the fluorescence intensity ratio F/F 0 measured at 420 nm (where F is the fluorescence intensity in the presence of iBMP and F 0 is the fluorescence intensity in the absence of iBMP), while the fluorescence intensity ratio at 350 nm decreases. These results indicate that 2-naphthol is displaced from the protein binding site by iBMP.
Overall, the fluorescence experiments reported so far confirm that the interaction of 2-naphthol with MUPs leads to the binding of NaphOH in the same binding site of natural ligands and the scheme of ground and in the excited state, either in the absence or in the presence of MUPs.
Determination of the Binding Parameters
To calculate the dissociation constant and the stoichiometry of the binding of 2-naphthol, two types of experiments were carried out. A measurement of the ligand's fluorescence as a function of protein concentration, at a fixed ligand concentration (inverse titration), and a measurement of the ligand fluorescence as a function of ligand concentration, in the presence of a fixed amount of protein (direct titration). The inverse titration, by extrapolation to infinite protein concentration, allows determination of the maximum fluorescence of the bound ligand. The direct titration, on the other hand, is needed to determine the concentration of the bound and free ligand at the various ligand concentrations (20) . By means of a Scatchard analysis, these parameters allow the number of binding sites and the dissociation constant of the complex to be derived.
As indicated in Fig. 6 , at equilibrium, in the presence of MUPs, the observed fluorescence spectrum is the sum of the fluorescence emission of the protein-bound and of the free 2-naphthol. Since it has been pointed out previously that the band at 420 nm is due only to 2-naphthol free in solution, its intensity will be proportional to the concentration of that species: [2-naphthol] free .
If we now compare the spectrum of a 2-naphthol solution of known concentration, with the one obtained from the same solution to which an aliquot of MUPs has been added (inverse titration), we can apply the following proportion, F buffer ͑420 nm͒:F buffer ͑͒ ϭ F free ͑420 nm͒:F free ͑͒, [1] where F buffer (420 nm) is the fluorescence intensity at 420 nm of 2-naphthol and F buffer () is its fluorescence intensity at any wavelength; F free (420 nm) is the fluorescence intensity in the presence of MUPs, in other words of the unbound 2-naphthol, and F free () is the intensity of its fluorescence at any wavelength.
Rearranging Eq.
[1] we obtain
from which we can calculate the full fluorescence spectrum of the 2-naphthol, free, in the presence of MUPs and derive, by subtracting this calculated fluorescence spectrum from the experimental one, the spectrum of the bound form. This procedure, applied to the inverse titration data (Fig. 2) , allows us to obtain both F free () and F bound () at the various MUPs concentrations.
In Fig. 1 the calculated spectrum of the bound species, F bound (), is reported (dotted line) together with the experimental spectra obtained in ethanol and in buffer. The intensity of the spectra has been normalized with respect to 2-naphthol concentration. As it can be seen, the spectrum of the protein-bound form is similar to the spectrum obtained in ethanol confirming that, when bound to MUPs, 2-naphthol does not dissociate. In addition, since the emission maximum in the calculated fluorescence spectrum of the bound species is blue-shifted and more intense, we may conclude that, in agreement with other data (21-23), the protein binding pocket is highly hydrophobic. Moreover, the fact that when 2-naphthol is bound to MUPs it does not dissociate clearly points to the absence of nearby proton acceptors.
The calculated spectra of the bound and free 2-naphthol have been linearly combined to fit the experimental spectra obtained in the direct titration experiments, Fig. 7A . The fitting process, carried out using a leastsquares procedure, implies an optimization of the parameter a free (fraction of free 2-naphthol) according to   FIG. 6 . Photochemical reaction scheme of 2-naphthol in buffer and in the presence of MUPs. Excited state species are identified by an asterisk. In the ground state NaphOH is in equilibrium between the free and the protein-bound state as well as with the dissociated form (NaphO Ϫ ), pK a ϭ 9.5. When in the protein-bound state NaphOH cannot dissociate and it is displaced from its binding site by iBMP, a widely used MUPs ligand. Only 2-naphthol free in solution can dissociate when in the excited state (pK* a ϭ 2.8).
F͑͒ ϭ ͓a free ⅐ F free ͔͑͒ ϩ ͓͑1 Ϫ a free ͒ ⅐ F bound ͔͑͒, [3] where the fit is judged by the randomness of the residuals (not shown). The obtained fitting parameters (a free ) and (1 Ϫ a free ) multiplied by the total ligand concentration provide the concentration of the free and bound 2-naphthol.
It is worthwhile to point out that, in the case of the direct titration, the increase of the fluorescence intensity at both 350 and 420 nm, Fig. 7B , is not monotonic. In fact, in the initial part of the titration there is a steep increase only of the 350 nm emission band, while the 420 nm emission is absent. This result indicates that, at low 2-naphthol/MUPs molar ratios, the fluorescent dye exists only in the protein-bound state. At a concentration of 2-naphthol 6 M (molar ratio 1:4 to MUPs), however, we begin to observe an increase of the fluorescence at 420 nm, as well. Beyond that concentration, the increase of the fluorescence emission at both wavelengths is comparable to that observed for 2-naphthol in buffer (solid and broken lines of Fig. 7B ), indicating the saturation of the binding sites.
The Scatchard analysis of the direct titration, reported in Fig. 8, gives a (13), to a heterogeneity of the wild-type MUPs or to the presence of other natural ligands that posses a higher affinity than 2-naphthol.
CONCLUSIONS
In consideration of the variety of biological functions in which MUPs are involved, and of their ability to select and transport volatile compounds, a detailed knowledge of the binding mechanism can guide protein engineering to devise mutated proteins where the specificity, affinity, and release rate are properly modulated. These engineered proteins may have interesting biotechnological applications for pest control and in food and cosmetic industries, being used as inhibitors of the animal's reproductive cycle or as a sensible and tunable biosensors.
Indeed, the observed variability of the K d 's derived by various authors can be the result of a number of factors that, besides the distinct affinities for the various ligands tested, can include the diverse methods used to prepare the protein and the heterogeneity of the proteins itself.
These considerations call for the need of a quick, simple, and reliable method not only to test the functionality of the various lipocalins but also to test the quality of each preparation.
We feel that the method reported here is certainly appropriate for verifying the binding capability of MUPs. In fact, 2-naphthol binds to MUPs, occupying the natural ligand's binding site, with a dissociation constant K d ϭ 0.38 M that, at best of our knowledge, is the lowest found so far.
Finally, because of the absence of proton acceptors in the binding cavity, we believe that MUPs can provide a convenient environment for studying the photophysic and photochemical properties of fluorescent molecules in highly hydrophobic environments of biological relevance.
Studies are now in progress to extend this test to the other members of the lipocalin family.
